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Lysyl oxidase is an extracellular copper enzyme that 
catalyzes the oxidation of peptidyl lysine to et-amino- 
adipic-B-semialdehyde, which condenses with neigh- 
boring aldehydes or e-amino groups to form covalent 
interchain or intrachain crosslinks between elastin and 
collagen fibers (Kagan and Trackman 1991). These 
crosslinkages convert soluble elastin and collagen 
monomers into insoluble fibers in the extracellular ma- 
trix. Lysyl oxidase may regulate the development and 
repair of the matrix in lung, aorta, and other connec- 
tive tissues (Kagan and Trackman 1991). In addition a 
role for lysyl oxidase in tumor suppression is sug- 
gested by the finding that the sequence of lysyl oxidase 
matches that of a regulator of the ras oncogene, ras 
recision gene rrg (Kenyon et al. 1991). 
Low levels of lysyl oxidase have been reported in 
patients with several X-linked, recessively inherited 
human connective tissue disorders including Ehlers- 
Danlos type V and IX (cutis laxa) and Menkes syn- 
dromes. However, lysyl oxidase is encoded by a sin- 
gle-copy autosomal gene, LOX, that has been assigned 
to human Chromosome (Chr) 5 by somatic cell hybrid 
analysis (Mariani 1992) and localized to human 
5q.23.3-31.2 by in situ hybridization (Hamalainen et al. 
1991; Svinarich et al. 1992). This localization elimi- 
nated Lox as a candidate gene for the X-linked disor- 
ders with lysyl oxidase deficiency. Synteny homology 
between mice and humans suggested that Lox would 
map to mouse Chr 11 or 18 (Nadeau et al. 1992). 
We mapped Lox to mouse Chr 18 using a M.m. 
castaneus intersubspecific backcross (DF/B-df/df x 
CASA/Rk)F 1 x (DF/B-df/dJ) that was previously char- 
acterized for Chr 11 (Buckwalter et al. 1991). We re- 
port the typing of this cross for Lox and three markers 
previously localized on Chr 18: early growth response 
1, Egr-1; glucocorticoid receptor 1, Grl-1; and adren- 
ergic receptor 132, Adrb-2 (Johnson and Davisson 1992; 
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Oakey et al. 1991). The polymorphisms used to type 
each locus are described in Fig. 1. The unambiguous 
gene order was based on haplotype analysis of 36 an- 
imals (Fig. 2). The intergene distances were deter- 
Fig. 1. Polymorphisms used to type backcross progeny on Chr 18. 
Egr-1, Lox, and Adrb-2 were typed with RFLPs detected by South- 
ern blot analysis, and Grl-1 was typed with a simple sequence repeat 
polymorphism detected by PCR. Southern blots were performed as 
previously described (Sambrook et al. 1989). All gels were trans- 
ferred to Zeta-Probe nylon membranes (Bio-Rad). Probes were la- 
beled by the random hexanucleotide method (Feinberg and Vo- 
gelstein 1982). Hybridizations with a mouse cDNA clone for Egr-1, 
pRSV3.1, provided by V.P. Sukhatme, Chicago (Sukhatme et al. 
1988), were carried out at 65~ Genomic DNA digested with Sspl 
revealed a 6.1-kb DF/B allele of Egr-1 and a 5.4-kb CASA/Rk allele. 
A rat lysyl oxidase cDNA probe, 13 L-O, provided by P.C. Track- 
man, Boston (Trackman et al. 1990), was hybridized at 65~ to 
Southern blots of genomic DNA digested with BamHI. The DF/B 
allele of Lox produced fragments of 5.4, 4.0, and 1.9 kb, and the 
fragments from the CASA/Rk allele were 4.9, 4.2, and 1.9 kb. A 
human ADRB2 cDNA, pTF, was obtained from R.J. Lefkowitz, 
North Carolina (Kobilka et al. 1987) and hybridized at 57~ to 
Southern blots of genomic DNA digested with EcoRI. A DF/B frag- 
ment of 6.6 kb and a CASA/Rk fragment of 5.2 kb were detected. 
Grl-1 was mapped by PCR with 500 ng of mouse genomic DNA used 
as template in a 25-1xl reaction volume with 10 p~mol of each primer 
and 2 ixmol each of dATP, dCTP, dGTP, and dTTP. Primers for 
Grl-1 (D18Mit17) were extended with 1-2 U of Taq polymerase 
(Dietrich et al. 1992). The amplification products were 192 bp for 
DF/B DNA and 180 bp for CASA/Rk DNA. The products were 
separated on a 7.5% native polyacrylamide gel. Arrowheads desig- 
nate the M. castaneus-spec~c alleles present in genomic DNA from 
(DF/B-df/df x CASA/Rk)F 1 mice (DC) but absent in DF/B-df/ 
df(DD) mice. 
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Fig. 2. The haplotype distribution of 36 backcross progeny was used 
to determine gene order. Genes are shown in the proximal-to-distal 
order. " M "  designates homozygosity for the DF/B allele; " T "  in- 
dicates heterozygosity. All alternative gene orders result in multiple 
double recombinants over short intervals. 
mined by analysis of these and additional animals: 
E g r - l - 2 . 7  +- 1 .9 -Gr i -1 -9 .2  +- 3 . 6 - L o x - 4 . 8  + 3.3-  
Adrb-2 (Fig. 3). The distances between the Chr 18 
markers observed in our cross are comparable to those 
reported by others in crosses with M. spretus: Egr-1- 
Grl-1, 4.3 cM and Grl-l-Adrb-2, 12.1 cM (Johnson and 
Davisson 1992) to 17.5 cM (Oakey et al. 1991). 
We predict that mutations in Lox would result in 
connective tissue abnormalities and/or enhanced tu- 
mor susceptibility. Plucked is a recessive mouse mu- 
tation that maps to the general region of mouse Chr 18, 
where we localized Lox (Davisson et al. 1991). 
Plucked mice have unusual skin features (Lyon and 
Searle 1989), as do people with lysyl oxidase defi- 
ciency syndromes. However, since the human syn- 
dromes result from lesions in X-linked genes, targeted 
disruption of Lox by homologous recombination in 
embryonic stem cells may be necessary to determine 
the phenotype of Lox mutations. 
Acknowledgments. We gratefully acknowledge the excellent tech- 
nical assistance of Ellen Lee and our support by the National Sci- 
ence Foundation (DCB 9004449; S.A. Camper), the American Can- 
cer Society (CD62872; S.A. Camper), the March of Dimes Birth 
Defects Foundation (18-91-0966; M.S. Buckwalter), the NIGMS 
Medical Scientist Training Program (T32 GM07863; M.S. Buckwal- 
Chr 8 
.Egr-1 
2/73 = 2.7 cM -Grl-1 
6/65 = 9.1 cM 
- - Lox 
2/42 = 4.8 cM 
- Adrb-2 
Fig. 3. A map of Chr 18 is presented with the loci reported here. The 
genetic distance was calculated from the number of recombinants 
observed per total number of individuals examined (left). 
ter), and the Center for the Study of Reproduction (NICHD 
5P30HD18258). 
References 
Buckwalter, M.S., Katz, R.W., and Camper S.A. (1991). Localiza- 
tion of the panhypopituitary dwarf mutation (d3') on mouse chro- 
mosome 11 in an intersubspecific backcross. Genomics 10, 515- 
526. 
Davisson, M.T., Johnson, K.R., Seldin, M.F., Suzuki, H., and Wa- 
tanabe, T. (1991). Mouse Chromosome 18. Mammalian Genome 1 
(Suppl), $301-$305. 
Dietrich, W., Katz, H., Lincoln, S.E., Shin, H.-S., Friedman, J., 
Dracopoli, N., and Lander, E.S. (1992). A genetic map of the 
mouse suitable for typing intraspecific crosses. Genetics 131,396- 
423. 
Feinberg, A.P. and Vogelstein, B. (1982). A technique for radiola- 
beling DNA restriction endonuclease fragments to high specific 
activity. Anal. Biochem. 132, 6-13. 
Hamalainen, E.-R., Jones, T.A., Sheer, D., Taskinen, K., Pihlajan- 
iemi, T., and Kivirikko, K.I. (1991). Molecular cloning of human 
lysyl oxidase and assignment of the gene to chromosome 5q23.3- 
31.2. Genomics 11,508-516. 
Johnson, K.R. and Davisson, M.T. (1992). A multipoint genetic 
linkage map of mouse chromosome 18. Genomics 13, 1143-1149. 
Kagan, H.M. and Trackman, P.C. (1991). Properties and function of 
lysyl oxidase. Am. J. Respir. Cell Mol. Biol. 5,206-210. 
Kenyon, K., Contente, S., Trackman, P.C., Tang, J., Kagan, H.M., 
and Friedman, R.M. (1991). Lysyl oxidase and rrg messenger 
RNA. Science 253,802. 
Kobilka, B.K., Dixon, R.A.F., Frielle, T., Dohlman, H.G., Bol- 
anowski, M.A., Sigal, I.S., Yang-Feng, T.L., Francke, U., Ca- 
ron, M.G., and Lefkowitz, R.J. (1987). cDNA for the human 132- 
adrenergic receptor: a protein with multiple membrane-spanning 
domains and encoded by a gene whose chromosomal location is 
shared with that of the receptor for platelet-derived growth factor. 
Proc. Natl. Acad. Sci. USA 84, 46--50. 
Lyon, M.F. and Searle A.G. (1989). Genetic Variants and Strains o f  
the Laboratory Mouse, 2rid ed. (New York: Oxford University 
Press). 
Mariani, T.J., Trackman, P.C., Kagan, H.M., Eddy, R.L., Shows, 
T.B., Boyd, C.D., Deak, S.B. (1992). The complete derived 
amino acid sequence of human lysyl oxidase and assignment of 
the gene to chromosome 5 (extensive sequence homology with the 
murine ras recision gene). Matrix 12, 242-248. 
Nadeau, J.H., Davisson, M.T., Doolittle, D.P., Grant, P., Hillyard, 
A.L., Kosowsky, M.R., and Roderick, T.H. (1992). Comparative 
map for mice and humans. Mammalian Genome 3,480-536. 
Oakey, R.J., Caron, M.G., Lefkowitz, R.J., and Seldin, M.F. 
(1991). Genomic organization of the adrenergic and serotonin re- 
ceptors in the mouse: linkage mapping of sequence-related genes 
provides a method for examining mammalian chromosome evo- 
lution. Genomics 10, 338-344. 
Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular 
Cloning: A Laboratory Manual. Cold Spring Harbor, N.Y.: Cold 
Spring Harbor Laboratory Press. 
Sukhatme, V.P., Cao, X., Chang, L.C., Tsai-Morris, C.-W., Sta- 
menkovich, D., Ferreira, P.C.P., Cohen, D.R., Edwards, S.A., 
Shows, T.B., Curran, T., Le Beau, M.M., and Adamson, E.D. 
(1988). A zinc finger-encoding gene coregulated with c-fos during 
growth and differentiation, and after cellular depolarization. Cell 
53, 37-43. 
Svinarich, D.M., Twomey, T.A., Macauley, S.P., Krebs, C.J., 
Yang, T.P., and Krawetz, S.A. (1992). Characterization of the 
human lysyl oxidase gene locus. J. Biol. Chem. 267, 14382-14387. 
Trackman, P.C., Pratt, A.M., Wolanski, A., Tang, S.-S., Offner, 
G.D., Troxler, R.F., and Kagan, H.M. (1990). Cloning of rat aorta 
lysyl oxidase cDNA: complete codons and predicted amino acid 
sequence. Biochemistry 29, 4863-4870, 1990. 
Note added in proof. Analysis of an interspecific backcross with M. 
spretus placed Lox on Chr 18 with the following gene order: cen- 
tromere-Camk-4-Lox-li-Mbp (Mock et al. 1992). This is consistent 
with our data. Mock, B.A., Contente, S., Kenyon, K., Friedman, 
R.M., and Kozak, C.A. (1992). The gene for lysyl oxidase maps to 
mouse chromosome 18. Genomics 14, 822-823. 
